The reaction between nitriles and aminoalcohols to access 2-substituted oxazolines was investigated. Using copper-NHC complexes, various nitriles were successfully converted into the corresponding oxazolines, under milder and less wasteful conditions than previously reported methods.
INTRODUCTION
2-Subtituted oxazolines constitute the core structure of many biologically active natural compounds and play a major role in medicinal chemistry. 1 Regarding their applications, these molecules are well-known ligands for transition metals in homogenous catalysis, in particular for the synthesis of chiral products. 2 In organic synthesis, oxazolines are common synthetic intermediates 3 and can also be used as protecting groups for carboxylic acids due to their resistance toward nucleophiles, bases, radicals, and even some acids. 4 Considering their broad applicability, several protocols have been developed to synthetize this important class of compounds. 5 However, the widespread synthetic methodologies leading to this important class of compounds involve cyclodehydration of β-hydroxy amides 6 or the condensation of carbonyls 7 or nitriles with aminoalcohols. Among these options, nitriles have been widely studied because they are readily available and inexpensive starting materials. The common approach requires an electrophile to activate a nitrile (1) for a nucleophilic attack by an aminoalcohol (2) (Scheme 1). This transformation can be achieved using heterogeneous catalysts such as silica sulfuric acid (SSA) 8 or tungstophosphoric acid (TPA). 9 Different metal salts have also been tested for this purpose.
Mohammadpoor-Baltork and co-workers developed two procedures using Bi(III) 10 or Zr(IV) 11 salts; however, despite the good functional group tolerance of these protocols, a large excess of aminoalcohol (up to 8 equivalents) is needed to achieve good isolated yields. Recently, Ge and co-workers have used a catalytic amount of Co(NO 3 ) 2 to synthesize 2-subtituted oxazolines, 12 with elemental sulfur added as a nitrile activator. Moreover, Fu and co-workers reported that Zn(OTf) 2 in toluene at reflux is an active catalyst for the synthesis of chiral pyridine bis(oxazoline) ligands. 13 Similarly, 
Scheme 1. Synthesis of 2-substituted oxazolines from nitriles and aminoalcohols
The most frequently encountered drawbacks for all the aforementioned procedures are the large excesses of 2 (4-8 equiv.) or additives needed to achieve the desired products. Considering these disadvantages, a methodology that can minimize these amounts of reactants is highly desirable. In the last decade, well-defined copper N-heterocyclic carbene (NHC) complexes have emerged as active catalysts in a plethora of reactions that include [3+2] cycloaddition, 16 borylation of alkynes, 17 synthesis of phenols 18 and many others. 19 Up to now, the use of these complexes as catalysts in the formation of oxazoline derivatives has not been reported. Herein, a copper-NHC catalyzed procedure has been developed in which only a substoichiometric amount of base and a small excess of aminoalcohol is used.
RESULTS AND DISCUSSION
Recently, our group reported a straightforward procedure for the synthesis of 2-substituted thiazolines using only a catalytic amount of NaOH. 20 While trying to expand this base-catalyzed protocol to the synthesis of 2-substituted oxazolines, using benzonitrile 1a and ethanolamine 2a as model substrates, we found that a catalytic amount of the base (10 mol%) was solely capable to promote this reaction (Table 1) . Strong bases, such as alkali hydroxides (Table 1 , entries 2 and 3) and tert-butoxides (Table 1 , entry 4), gave only poor conversions, whereas slightly better results were obtained using weak bases, especially Na 2 CO 3 and NaOAc (Table 1 , entries 6 and 9, respectively). This observation is in accordance with previous work using an excess of the same weak bases. 5e, 14 Using the base alone as catalyst, the amount of 2a was found to be 3 crucial. In the presence of Na 2 CO 3 , increasing the amount of 2a leads to a drop in conversion (Table 1 , entries 6-8) while an opposite effect is witnessed when using NaOAc (Table 1 , entries 9-11). Different copper-NHC complexes 21 were then tested in order to activate the nitrile (Table 2) . Gratifyingly, these complexes achieved moderate to good conversion depending on the nature of the NHC ligand (Table 2 , entries 1-4). Among
imidazol-2-ylidene) was chosen for further optimization due to its higher activity. Better conversion was achieved by either increasing the catalyst loading to 2 mol% (Table 2, entry 5) or using 4 equiv. of 2a ( Table 2 , entry 6). It is worth underlining that [Cu(Cl)(IPr)] showed better activity compared to CuCl, even when 10 mol% of the latter was used (Table 2 , entries 7 and 8).
Considering the good conversion reached when using copper-NHC catalyst and the moderate reactivity of the system when the catalyst is a base, we were interested in exploring the synergic effect of Cu complex and base together. To investigate this possible effect, a catalytic amount of different bases (10 mol%) was tested in the presence of [Cu(Cl)(IPr)] (1 mol%) (Table 3) . Among these, only NaOAc was found to be a suitable base (Table 3 , entry 3), with a higher conversion obtained compared to the base-free test (Table 2 , entry 4). The ideal stoichiometry of 2a was investigated and an optimal value was found to be 2 equivalents (Table 3 , entry 3). Satisfyingly, with an increase in Cu loading to 2 mol% (Table 3, entry 6), 95% conversion toward 3a was observed. The temperature was found to be an important parameter, since any variation from 100 °C caused a significant drop in the conversion (Table 3 , entries 7 and 8). yield based on benzonitrile, n-hexadecane used as internal standard, average of two reactions; isolated yield in parentheses.
To highlight the superior performance of solvent-free conditions, various solvents were tested using the optimal conditions (Table 4) . Among these, the reaction in methanol (Table 4 , entry 5) gave a comparable yield to the reaction in the absence of solvent; however, in order to develop a less wasteful procedure, solvent-free conditions were maintained. With these reaction conditions in hand, the scope of the reaction was investigated with a range of nitrile derivatives Considering para-substituted benzonitriles, in which the steric effects are negligible, the outcome of the reaction depends mainly on the electronic nature of the substituents. Benzonitriles bearing electron-withdrawing groups (EWGs), such as trifluoromethyl-(3b) and chloro-(3c) substituents, gave excellent isolated yields. Moderate results were obtained when electron-donating groups (EDGs), such as methyl-(3d) and methoxy-(3e) moieties, are present. Likewise, substitution in the meta-position with EWGs gave good to excellent yields (3f-3h). Ortho-substituted benzonitriles do not react under these conditions, possibly due to steric hindrance in the proximity of the nitrile moiety. Heteroaromatic nitriles were converted to the corresponding oxazolines in good yields (3i-3j). When 1,3-dicyano-and 1,4-dicyanobenzene were used, the selective double functionalization was achieved by simply increasing the amount of 2a to 4 equivalents (3k-3l).
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When alkyl nitriles were tested, no conversion was observed. Moreover, scaling-up reactions with two selected substrates (3b and 3g) to 5 mmol gave comparable isolated yields with respect to the small scale experiments (1 mmol), allowing the synthesis of these important compounds in gram quantities. Gratifyingly, substitutions in the aliphatic chain of the aminoalcohol were well tolerated by this catalytic system (Figure 2 ), yielding the corresponding products in excellent yields (3m-3p). 
CONCLUSION
The copper-NHC complex [Cu(Cl)(IPr)] was found to be an active catalyst in the presence of a base co-catalyst for the conversion of different nitriles into the corresponding 2-substituted oxazolines. Gratifyingly, good to excellent isolated yields of the final products were achieved using a minimum excess of aminoalcohols and only a substoichiometric amount of base (10 mol% of NaOAc) under solvent-free conditions. Materials. All commercially available reagents were used without further purification. Analytical thin layer chromatography was performed on 0.20 mm silica gel plates. Flash chromatography was performed using silica gel (200-300 mesh).
EXPERIMENTAL SECTION
General procedure for the synthesis of 2-substituted oxazolines with ethanolamine. In a glovebox, a vial was charged with [Cu(Cl)(IPr)] (0.02 mmol), NaOAc (0.1 mmol), the nitrile (1 mmol) and ethanolamine (2 mmol). The reaction was stirred at 100 °C for 16 h under solvent-free conditions. The conversion was determined by GC analysis or by 1 H NMR. The crude mixture was purified by column chromatography to give the desired compound.
2-Phenyl-4,5-dihydrooxazole (3a).
14 The general procedure yielded after flash chromatography (SiO 2 , CH 2 Cl 2 /ethyl acetate, 1:1) the title compound as a colorless oil (136.9 mg, 93%). The general procedure repeated using standard Schlenk techniques yielded after flash chromatography (SiO 2 , CH 2 Cl 2 /ethyl acetate, 1:1) the title compound as a colorless oil (135.4 mg, 92%). 1 H NMR (CDCl 3 , 400 MHz): δ 7.98-7.95 (m, 2H), 7.51-7.40 (m, 3H), 4.44 (t, 2H, J = 9.8 Hz), 4.07 (t, 2H, J = 9.8 Hz). 13 C{ 1 H} NMR (CDCl 3 , 100 MHz): δ 164.7, 131.3, 128.3, 128.1, 127.8, 67.6, 54.9. 
2-(4-Trifluoromethylphenyl)-4,5-dihydrooxazole (3b

2-(3-Bromophenyl)-4,5-dihydrooxazole (3g).
5e The general procedure yielded after flash chromatography (SiO 2 , hexane, ethyl acetate, 1:1) the title compound as a colorless oil (184.5 mg, 82%). 1 H NMR (CDCl 3 , 400 MHz): δ 8.10 (t, 1H, J = 1.8 General procedure for the synthesis of 2-substituted oxazolines with substituted aminoalcohols. In a glovebox, a vial was charged with [Cu(Cl)(IPr)] (0.03 mmol), NaOAc (0.15 mmol), the nitrile (1 mmol) and aminoalcohol (3 mmol).
The reaction was stirred at 100 °C for 16 h under solvent-free conditions. The conversion was determined by 1 H NMR. The crude mixture was purified by column chromatography to give the desired compound. -2-phenyl-4,5-dihydrooxazole (3m) . 6c The general procedure yielded after flash chromatography (SiO 2 , CH 2 Cl 2 , ethyl acetate, 8:2) the title compound as a colorless oil (145 mg, 90% 
5-Methyl
General procedure for the synthesis of 2-substituted oxazolines -5 mmol scale
In the glovebox, a flame dried schlenck was charged with [Cu(Cl)(IPr)] (0.1 mmol), NaOAc (0.5 mmol), the nitrile (5 mmol) and ethanolamine (10 mmol). The reaction was stirred at 100 °C for 16 h under solvent-free conditions. The conversion was determined by GC analysis or by 1 H NMR. The crude mixture was purified by column chromatography to give the desired compound. 
2-(4-
